Human chromosome 11p15.5 harbours a large cluster of imprinted genes. Different epigenetic defects at this locus have been associated with both Beckwith-Wiedemann syndrome (BWS) and Silver-Russell syndrome (SRS). Multiple techniques (Southern blotting, COBRA and microsatellite analysis) have been used so far to detect various DNA methylation abnormalities, uniparental disomies and copy number variations, which are characteristics of these two diseases. We have now evaluated a methylation-specific multiplex-ligation-dependent probe amplification assay (MS-MLPA) for the molecular diagnosis of BWS and SRS. Seventy-three samples derived from BWS-and SRS-affected individuals and 20 controls were analysed by conventional tests and MS-MLPA in blind. All cases that were found positive with conventional methods were also identified by MS-MLPA. These included cases with paternal UPD11, hyper-or hypomethylation at the Imprinting Centre 1 or Imprinting Centre 2 and rare 11p15.5 duplications. In summary, this MS-MLPA assay can detect both copy number variations and methylation defects of the 11p15.5 critical region within one single experiment and represents an easy, low cost and reliable system for the molecular diagnostics of BWS and SRS.
Introduction
Genomic imprinting is an epigenetic mechanism causing the expression of a minority of genes to be monoallelic and dependent on its gametic origin. 1 Beckwith -Wiedemann syndrome (BWS) (MIM 130650) is a developmental disorder characterized by the occurrence of variably combined overgrowth, macroglossia, abdominal wall defects and increased incidence of embryonal tumours caused by defective expression of imprinted genes located on chromosome 11p15.5. 2 Silver -Russell syndrome (SRS; OMIM 180860) is a clinically and genetically heterogeneous disorder characterized by severe pre-and postnatal growth defect, variable facial dysmorphisms, limb or facial asymmetry and developmental delay. Although maternal uniparental disomy of chromosome 7 has been reported in B10% of SRS patients, molecular defects at 11p15.5 have been recently described as a major genetic disturbance in SRS, indicating that the dysregulation of 11p15.5 imprinted genes may cause both growthenhanced and growth-restricted phenotypes. 3, 4 Both BWS and SRS include mostly sporadic and a minority of familial cases.
A 1 Mb cluster of imprinted genes is present at chromosome 11p15.5. The cluster is functionally divided into two domains that are autonomously controlled by separate Imprinting Control Regions or Imprinting Centres (IC1 and IC2). These are CpG-rich regions that work under different mechanisms, but share as a common feature to be differentially methylated on the maternally and paternally derived chromosomes (differentially methylated regions (DMRs)). The distal IC (IC1 or H19 DMR) is a methylationsensitive chromatin insulator controlling the imprinting of two genes, Insulin-like growth factor 2 (IGF2) and H19. 1, 5 IGF2 is a paternally expressed fetal growth factor gene with an important role in cancer development, while H19 is a maternally expressed non-coding RNA with possible tumoursuppressor functions. By binding to the multi-zinc-finger protein CTCF, IC1 prevents the activation of IGF2 and allows that of H19 by downstream enhancers on the maternal chromosome. Conversely, DNA methylation on the paternal chromosome prevents CTCF binding at IC1 and allows the enhancer-mediated activation of IGF2, being the H19 promoter hypermethylated and silenced. The proximal IC (IC2 or KvDMR1) includes the promoter of the non-coding KCNQ1OT1 gene that is antisense transcribed with respect to the protein-coding gene KCNQ1. The IC2 sequence itself and/or the KCNQ1OT1 transcript mediate the silencing of several genes of the region including the growth inhibitor CDKN1C. 1, 6, 7 A great number of BWS and SRS cases show molecular abnormalities in the 11p15.5 imprinted gene cluster. In the BWS, the most common defects are uniparental paternal disomy (UPD) at 11p15.5 loci, gain of methylation at IC1 and loss of methylation at IC2. 2, 8 All these anomalies result in excess of the genes expressed from the paternal chromosome and defect of the genes expressed from the maternal chromosome. Inherited deletions of the ICs have been reported in a small number of patients with BWS. 9, 10 Almost 35% of SRS patients display IC1 hypomethylation or 11p15.5 maternal duplications. These defects result in the downregulation of IGF2 and activation of H19. 4, 11, 12 Conventional molecular testing for the IC1/IC2 methylation abnormalities, 11p15 UPD and copy number variations in BWS and SRS consisted of multiple and time-consuming Southern blotting and microsatellite assays.
2,3,8
We evaluated MS-MLPA for the diagnosis of both BWS and SRS, and challenged it with previously routine tests.
Materials and methods

Patients
We collected DNAs from perypheral blood leukocytes of 73 patients with clinical diagnosis of BWS or SRS. All the genetic analyses were performed after the informed consent had been obtained from the parents of the patients. The experimental plan was approved by the ethical committee of the Second University of Naples.
Methylation analysis by conventional methods
Analysis of IC1 and IC2 methylation by Southern blotting or COBRA and detection of 11p15.5 UPD/copy number variations by microsatellite analysis were performed as described previously. 9, 13 All the SRS patients have been previously excluded for maternal UPD7 by microsatellite analysis.
MS-MLPA analysis
The MS-MLPA probe mixture (ME030BWS/SRS) was purchased from the manufacturer (MRC-Holland, Amsterdam/ NL). This mix contains 45 probes, 27 of which are specific for the BWS/SRS region in 11p15. 13 of the 11p15 probes are methylation-specific since they contain an HhaI recognition site. In particular, seven probes (five of which are methylation-specific) cover the H19 gene and its differentially methylated 5 0 region located inside IC1 (H19DMR). Four probes (three methylation-sensitive) cover the IGF2 gene and its DMR0 region. A further 14 probes (six methylation-sensitive) hybridize to the KCNQ1 gene, including the IC2 region (KvDMR). Finally, two probes (both methylation-insensitive) recognize CDKN1C (Figure 1a ). We used a total of 200 ng of genomic DNA extracted from peripheral blood by the salting-out procedure. 10 mmol/l Tris-EDTA (pH 8.0) was added to DNA if dilution was necessary. After 16 h of hybridization at 601C, samples were equally split into two aliquots. The first aliquot underwent ligation only, whereas the second one underwent ligation followed by enzymatic digestion with HhaI (a restriction enzyme recognizing only unmethylated DNA) and PCR amplification using universal primers. In the latter case, amplification products were obtained and detected by capillary electrophoresis only if the CpG included in the HhaI site was methylated. Ligation, enzymatic digestion, and PCR amplification were performed according to the manufacturer's instructions. All samples were run in duplicate and at least two normal samples were analysed in each MS-MLPA experiment, as controls. PCR products (1 ml) were mixed with 0.4 ml of internal size standard (500LIZ Genescan; Applied Biosystems) and 9 ml of deionized formamide, and injected into an ABI-3130 genetic analyzer (Applied Biosystems) equipped with a 36 cm, four capillaries array using POP7 as polymer. The samples were injected for 20 s at 1.5 kV and run for a total time of 1200 s at 15 kV.
Data analysis
The reliability and normal values for the probes of this MS-MLPA kit were determined by testing 20 normal control DNA samples. A spreadsheet was developed in Microsoftt Excel to process the sample data efficiently. The estimation of allelic copy number was performed by comparing the quantified PCR products of the probes in each undigested sample with those in other samples. Data were normalized by dividing the peak area of each probe by the average peak area of the same sample and then by the average peak pattern of all the samples run in the same experiment.
14 Quantification of the methylation status of each analysed CpG was done by dividing the peak area of the relative methylation-sensitive probe by the combined peak areas of the nearest control probes lacking an HhaI site. The corrected peak height of each fragment in the digested sample was then divided by the corrected peak area of the corresponding fragment in the undigested sample. This number is referred as the 'methylation index'. To simplify the interpretation of data, we calculated the mean methylation index obtained with all the KvDMR probes (7173-L6782, 7172-L6781, 6276-L5782 and 7171-L6780) and that obtained with all the H19DMR probes (6264-L577, 6265-L5771, 7177-L6786 and 6266-L5772) and indicated them as IC2 and IC1 methylation indices, respectively.
Results
A total of 55 DNA samples derived from individuals affected by BWS and 18 samples derived from individuals affected by SRS were analysed by Southern blotting or COBRA assays plus microsatellite analysis for the identification of 11p15. 5 defects. The results are summarized in Table 1 . Out of 55 BWS patients, we found that 24 patients had IC2 hypomethylation (BWS-ICD2), 6 had IC1 hypermethylation (BWS-ICD1), 12 had paternal UPD at chromosome 11p15.5 (UPD11), 1 had paternal duplication of 11p15.5 and 12 had none of the previous defects. Among the 18 SRS patients tested, 7 displayed IC1 hypomethylation (SRS-ICD1), 1 had maternal duplication of 11p15.5 and 10 none of the previous defects.
The same patients and 20 normal controls were blindtested by MS-MLPA. The analysis of the 20 control samples gave reproducible results with all the probes both for copy MS-MLPA for detecting 11p15.5 defects M Priolo et al number and methylation, with the exception of the probe N0213-L9402, which (as also reported by the manufacturer) resulted to be non informative for the methylation analysis, because of a frequent polymorphism affecting the HhaI site (rs10732516). In particular, none of the 20 control samples had peak ratios o0.75 or 41.35 at two or more adjacent probes. The mean methylation indices for the normal samples were 0.52 (range 0.47 -0.58) for IC2 and 0.50 (range 0.46 -0.55) for IC1 (see Table 2 ). Standard deviation was 0.03 for both IC1 and IC2 methylation indices. IC2 methylation indices o0.46 were considered indicative of IC2 hypomethylation, IC1 methylation indices 40.56 indicative of IC1 hypermethylation and IC1 methylation indices o0.44 indicative of IC1 hypomethylation. The results obtained with the two methylation-sensitive probes specific for the IGF2 DMR0 region were inconsistent in some probes, indicating variable methylation of these CpGs in different individuals, and were therefore not taken into consideration for statistical analysis. Table 2 summarizes the results obtained from the MS-MLPA analysis of the BWS and SRS patients. All the molecular defects of the BWS cohort identified with the conventional methods were detected also with the MS-MLPA assay. In particular, the 24 BWS-ICD2 samples showed IC2 methylation indices between 0.00 and 0.40 but IC1 methylation indices within normal range, the 6 BWS-ICD1 samples had IC1 methylation indices between 0.63 and 0.97 but IC2 methylation indices within the normal range and the 12 paternal UPD11 had IC2 methylation indices between 0.16 and 0.43 and IC1 methylation indices between 0.62 and 0.79. Figure 2 shows an example of the typical peak patterns obtained with normal controls (Figure 2a and b) , BWS-ICD2 (Figure 2c ), BWS-ICD1 (Figure 2d ) and BWS-UPD11 (Figure 2e ) samples. IC2 hypomethylation was indicated by abnormally low peaks corresponding to the four methylation-sensitive probes that were specific for KvDMR1 (7173-L6782, 7172-L6781, 6276-L5782 and 7171-L6780), after HhaI digestion (see Figures 1a and 2c, black arrowheads) . IC1 hypermethylation was indicated by abnormally high peaks corresponding to the four methylation-sensitive probes located inside the H19DMR (6264-L577, 6265-L5771, 7177-L6786 and 6266-L5772, see Figures 1a and 2d, grey arrowheads) . Interestingly, the MS-MLPA also detected those cases that had limited hyper-or hypomethylation. For instance, a sample with 60 -70% methylation at IC1, as measured by COBRA, showed an IC1 methylation index of 0.68 by MS-MLPA, while a sample with 30 -40% methylation at IC2, as measured by COBRA, had an IC2 methylation index of 0.38 ( Figure 3 ). In contrast, the 12 BWS samples in which no methylation defect had been identified with the conventional methods showed methylation indices within normal range with the MS-MLPA assay (Table 2) .
Hypomethylation at IC1 was demonstrated by Southern blotting or COBRA and clearly confirmed by MS-MLPA in seven cases of our SRS cohort (N ¼ 18). IC1 methylation indices were in the range of 0 -0.26, while IC2 methylation indices were within normal range in these cases (Table 2) . In contrast, the 10 SRS samples in which no methylation defect had been identified with the conventional methods showed both IC1 and IC2 methylation indices within the normal range with the MS-MLPA assay (Table 2 ). Figure 2f shows the typical peak pattern obtained with the SRS cases with IC1 hypomethylation. The methylation defect was indicated by abnormally low IC1-specific peaks (probes 6264-L577, 6265-L5771, 7177-L6786 and 6266-L5772, see Figures 1a and 2f, grey arrowheads) .
The chromosome 11p15.5 duplications identified by Southern blotting and microsatellite analyses in a BWS patient and an SRS patient were also detected by the MS-MLPA assay. In both cases, the peak area ratios for the 11p15.5 probes were 41.35 in the 'ligation only' reactions.
In particular, the MLPA demonstrated that the BWS sample had only a partial duplication of the 11p15.5 region, as the probes centromeric to 3544-L2910 produced peak area ratios within the normal range (Figure 1b) . Therefore, only the IC1 domain and the part of the IC2 domain telomeric to KvDMR1 appeared to be duplicated in this sample. For this BWS case, the 'ligation-digestion' reaction demonstrated an IC1 methylation index of 0.70 and an IC2 methylation index of 0.48, indicating IC1 hypermethylation and normal IC2 methylation, as expected from a paternally inherited duplication of the IC1 domain. In the SRS sample, the ligation-only reaction showed a duplication covering all the analysed 11p15. In conclusion, the results obtained with this MS-MLPA assay demonstrate that this method is a specific and very sensitive method, as efficient as combined Southern blotting, COBRA and microsatellite analyses, for identifying methylation defects, UPD and copy number variations at chromosome 11p15.5.
Discussion
The molecular defects of BWS and SRS are very heterogenous. Many of these abnormalities consist of epigenetic or copy-number alterations inside the 11p15.5 imprinted gene cluster. The identification of these defects usually requires the use of multiple assays. We evaluated the MS-MLPA for the molecular diagnosis of BWS and SRS and challenged it with previous routinely used tests. The results obtained demonstrated that MS-MLPA is a sensitive and reliable tool for the identification of most of the molecular defects of BWS and SRS.
Conventional techniques, such as the Southern blotting assay, require a large amount of genomic DNA and multiple hybridization experiments for the analysis of DNA methylation at multiple loci. Alternative methods, such as COBRA or methylation-specific PCR, are quite laborious to standardize and are not suitable for routine molecular diagnostics. In addition, these assays do not provide accurate information on copy number variations, which are better identified by microsatellite or FISH analyses. MS-MLPA, needs very little amount of DNA (20 -200 ng), is very rapid and provides information on copy number and methylation status of multiple loci in a single-tube experiment. 15 Most of the epigenetic defects of BWS and SRS occur sporadically and are present in the mosaic form in the affected individuals. 2, 3 It is therefore important to use a sensitive diagnostic method to identify all the mosaic cases. We proved that the MS-MLPA assay described is not only very accurate but also extremely sensitive, concerning the detection of 11p15.5 defects. In fact, this method correctly identified also BWS cases with 60 -70% IC1 methylation (methylation index 0.68) and BWS cases with 30 -40% IC2 methylation (methylation index 0.38).
A great advantage of MS-MLPA is that this method concomitantly determines both copy number and methylation level of the investigated loci. This is clearly demonstrated by the results we obtained on two cases with 11p15.5 duplication. While the ligation-only reaction demonstrated the copy number increase, the ligationdigestion reaction provided information on the parental origin of the duplicated region. The methylation indices of the DMRs indicated that the former case was a BWS sample with a paternally inherited 11p15.5 duplication and the latter was an SRS sample with maternal duplication of this chromosome region. These results were confirmed by the microsatellite analysis. Interestingly, the MS-MLPA results demonstrated that, in the BWS case, the duplication did not include KvDMR and the centromeric part of domain 2. As expected, the sample showed isolated IC1 hypermethylation.
While revising this article, an independent group 16 reported on the use of MS-MLPA for the analysis of chromosome 11p5.5 defects obtaining similar results as ours and further confirming that MS-MLPA can be considered as a robust assay for the analysis of this region.
Although we proved that MS-MLPA assay is very useful for the analysis of BWS and SRS, we believe that the method can be further improved in the future by modifying some of the probes. For instance, methylation-sensitive probes located in the more centromeric part of the H19DMR could be useful to detect the IC1 microdeletions present in a subset of the BWS patients. 9, 13 On the other hand, the H19 DMR-specific probe (N0213-L9999) corresponding to a common SNP could be omitted. In conclusion, our experience with this large cohort of patients indicate that the MS-MLPA represents an easy, low cost and reliable system for the molecular diagnostics of BWS/SRS cases with either imprinting defects and duplications at chromosome 11p15. Paternal UPD11 can also be identified, although microsatellite testing should be offered to confirm these cases.
